We report a new analysis of electron mobility in HfO 2 / TiN gate metal-oxide-semiconductor field effect transistors ͑MOSFETs͒ by investigating the influence of HfO 2 thickness ͑1.6-3 nm͒, temperature ͑50-350 K͒, and oxide charge ͑ϳ1 ϫ 10 11 -8ϫ 10 12 cm −2 ͒ in the high inversion charge region. The fixed oxide charge and interface state densities are deliberately increased using negative-bias-temperature stress, allowing the determination of the Coulomb scattering term as a function of temperature for various oxide charge levels. The temperature dependence of the Coulomb scattering term is consistent with the case of a strongly screened Coulomb potential. Using the experimentally determined temperature dependence of Coulomb scattering term, a model is developed for the electron mobility, including the effects oxide charge ͑ C ͒, high-k phonon ͑ Ph-Hk ͒, silicon phonon ͑ Ph-Si ͒, and surface roughness scattering ͑ SR ͒. The model provides an accurate description of the experimental data for variations in HfO 2 thickness, temperature, and oxide charge. Using the model the relative contributions of each mobility component are presented for varying oxide charge and high-k thickness. Scaling of the HfO 2 physical thickness provided a reduction in the oxide charge and high-k phonon scattering mechanisms, leading to an increase in electron mobility in HfO 2 / TiN gate MOSFETs.
I. INTRODUCTION
The scaling of silicon based metal-oxide-semiconductor field effect transistors ͑MOSFETs͒ is approaching physical limits imposed by the atomic structure. The continuing miniaturization of complementary MOSFET technologies introduces new challenges relating to power, heat, and particle behavior. To overcome the power dissipation and heating problem arising from the gate leakage, high-dielectric constant ͑high-k͒ materials have been proposed. Replacing conventional SiO 2 with high-k materials for the gate insulator allows the same equivalent oxide thickness ͑E OT ͒ to be obtained for a physically thicker gate oxide, leading to significant gate oxide leakage suppression.
Hafnium-based high-k dielectrics and metal gate electrodes have been extensively investigated as alternative gate materials, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and the successful incorporation of hafnium based high-k materials into the gate stack of MOSFETs with minimum feature sizes of 45 nm has recently been announced. 12 However, there are still many issues associated with the implementation of these materials. One crucial problem for the hafnium-based high-k dielectrics technology integration is the quality of the dielectric-silicon system with regard to its electrical and structural properties, especially in terms of high-k phonon interaction, oxide charges, and their influence on electron and hole mobility.
A degradation of electron mobility is commonly reported for HfO 2 / TiN gate MOSFETs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] This degradation has been attributed to the contributions of oxide charge in the high-k layer ͑columbic scattering͒, high-k phonon scattering, silicon phonon scattering, and surface roughness scattering. It has recently been demonstrated that interface defect densities in the range of ͑3-4͒ ϫ 10 10 cm −2 and fixed positive oxide charge densities Ͻ2 ϫ 10 12 cm −2 do not yield significant mobility degradation. 1, 9 The increased Coulomb scattering alone cannot account for all of the mobility degradation observed in HfO 2 / TiN gate n-MOSFETs. An additional scattering mechanism due to soft optical phonons in the high-k layer has been theoretically predicted by Fischetti et al., 10 and experimental evidence of the soft optical phonons influence on carriers mobility was found through temperature dependence studies. [2] [3] [4] [5] [6] [7] [8] [9] [10] The beneficial effect of metal gate electrode screening on the high-k phonon-electron interaction has been reported by Datta et al. 2 and Chau et al. 3 to result in a higher mobility value than measured in the corresponding high-k/polysilicon gate stacks. However, a more recent work by Maitra et al. 8 did not observe a difference between polysilicon or metal gate electrodes for HfO 2 gate MOSFETs. We do not consider the issue of metal gate screening in this study. All of the MOSFETs examined have TiN gate electrodes. Most of the published works to date were carried out on one or two high-k thickness values and with several interface oxide thicknesses, resulting in a linear temperature dependence of the Coulomb scattering especially at low inversion charge density. [2] [3] [4] [5] [6] [7] [8] [9] In this paper, we report a detailed study of electron mobility at high inversion charge density ͑ϳ8 ϫ 10 12 cm −2 ͒ in TiN/ HfO 2 / SiO x / Si n-channel MOSFETs. The devices examined have HfO 2 film thickness values of 1.6, 2, 2.4, and 3 nm and a fixed interface SiO͑N͒ layer of ϳ1.0 nm with identical device processing in all respects, allowing us to examine the influence of HfO 2 thickness on mobility degradation.
We extend previous studies by using temperature bias stress to deliberately increase the density of interface states and fixed oxide charge. 9, 11 The temperature dependence of the electron mobility from 50 to 350 K is determined before and after the various levels of oxide and interface degradations. This new approach provides an experimental route for the determination of the Coulomb scattering term as a function of temperature for various oxide charge levels. The silicon phonon and surface roughness contributions are modeled based on the analysis of Takagi et al. 13 This allows the determination of the high-k remote phonon scattering contribution over the temperature to be evaluated. The proposed model reproduces the experimental data as a function of temperature ͑50-350 K͒, HfO 2 thickness ͑1.6-3 nm͒ and total oxide charge ͑ϳ1 ϫ 10 11 -8ϫ 10 12 cm −2 ͒, allowing calculation of the percentage contribution of each mobility component.
II. EXPERIMENTAL DETAILS
In this study, we used 1.6, 2, 2.4, and 3 nm TiN/ HfO 2 gate MOSFETs, fabricated with atomic layer deposition ͑ALD͒, with ϳ1 nm interface SiO x layer. High resolution cross sectional transmission electron microscopy ͑TEM͒ images through the gate stack region of the 3 and 1.6 nm HfO 2 / TiN gate n-MOSFETs are shown in Fig. 1 . Isolated gate MOSFETs with 10ϫ 3 m 2 areas have been used as test devices. The mobility was extracted from the split capacitance-voltage ͑C-V͒ technique at room temperature. 14 For low temperature measurements, the Y function method was used for mobility extraction. 15 The interface state density was calculated from the maximum charge pumping current after the leakage current correction. 16, 17 The negative bias temperature stress ͑NBTI͒ was performed at 180°C. The stress duration was 20 min with mobility and charge pumping measurements evaluated subsequently at room temperature ͑25°C͒. The oxide charges were calculated based on the flat band voltage shift of the measured C-V curves from the ideal values predicted by a quantum mechanical ͑QM͒ C-V simulator. The QM C-V simulator uses the modified Van Dort analytical model to account for QM effects. 14 The measurements were performed on wafer in a microchamber controlled environment ͑Cascade Microtech Summit 12971B͒ using an Agilent B1500. The low temperature measurements were carried out in a Suss MicroTec cryoprober.
III. RESULTS AND DISCUSSIONS
The device characteristics and electron mobility for the nondegraded devices have been reported previously. 9 Summary of the physical and electrical device parameters prior to degradation at 300 K is presented in Table I . The electron effective mobility as determined using the Y function and the split C-V approach is presented in Fig. 2 . It is evident from and above, there is excellent agreement between the split C-V and Y function methods for all HfO 2 film thicknesses studied. As a consequence, the electron mobility extracted from the Y function method is focused on the condition of high inversion charge density ͑ϳ8 ϫ 10 12 cm −2 ͒. It is noted that this is the condition relevant to logic device applications. A different method such as magnetoresistance will be needed to investigate the mobility at very low carrier density. 7 Since we are working at a relatively high electric field region, the contributions of the silicon phonon and surface roughness scattering mechanisms to the overall electron mobility cannot be neglected. Following the approach used in a range of recent studies of mobility in high-k gate MOSFETs, [2] [3] [4] [5] [6] [7] [8] [9] [10] we use the Matthiessen's rule to provide an empirical model for the various contributions to the channel mobility by including soft optical phonon scattering in the high-k layer ͑ Ph-Hk ͒, phonon scattering from the silicon channel region ͑ Ph-Si ͒, Coulomb scattering from bulk high-k and interface charge ͑ C ͒, and surface roughness scattering ͑ SR ͒.
The devices analyzed in this study exhibited no detectable fast transient charge trapping. 1, 9 From Table I , the initial positive oxide charge density scales with the HfO 2 thickness, with a maximum value of ϳ1.5ϫ 10 12 cm −2 for the 3 nm HfO 2 film thickness MOS-FET. To increase the density of fixed oxide charge and interface states, devices with the thickest HfO 2 film thickness of 3 nm ͑sample D͒ were subjected to NBTI. 18, 19 Figure 3͑a͒ shows the evolution of the charge pumping characteristics with increasing stress bias. Experimentally it was determined that the interface state density ͑D it ͒ could be modified from the initial value ofϳ4 ϫ 10 10 -ϳ 2 ϫ 10 12 cm −2 with negative bias stress voltages from Ϫ1 to Ϫ2.7 V at 180°C. Figure 3͑b͒ shows the corresponding shift in the flat band voltage ͑V FB ͒.
The buildup of the fixed positive oxide charge and the interface state density as a function of the gate stress voltage are shown in Fig. 4 . It is evident from this figure that the dominant contribution to the Coulomb scattering following NBTI is from the positive oxide charge. It is determined experimentally that for V g stress Ͼ1.5 V that the ratio of N f / D it is ϳ5 for the n channel MOSFETs.
The Coulomb scattering parameter ͑␣͒ can be determined from the relationship between interface state charges ͑D it ͒, oxide charge density ͑N f ͒, and the reciprocal mobility ͑1 / ͒. We rewrite the reciprocal mobility model in Eq. ͑1͒ into two separate components, i.e., one without the influence of charges and one with the influence of charges. Assuming at present that the scattering parameter ͑␣͒ is independent of the temperature, the relationship can be described as follows:
where N tot = D it + N f and N tot =0 consists of the contributions from Ph-Hk , Ph-Si , and SR . At room temperature, the effective mobility can be determined by using the split C-V method.
14 Figure 5 shows the reciprocal of the peak effective mobility of n-MOSFETs as function of N f + D it ͑Q inv ϳ 6 ϫ 10 12 cm −2 ͒. We can see from Figs. 4 and 5 that the combined interface state and positive oxide charge do contribute to the mobility degradation following the NBTI. Moreover, the experimentally obtained linear relationship of the reciprocal peak mobility to the total charge observed in Fig. 6 is consistent with the model in Eq. ͑2͒.
From the reciprocal of the peak mobility versus N tot in Fig. 5 , we determine ␣ to be 2565 V s / C for n channel MOSFETs at 298 K. It is a little bit lower than the value reported in Ref. 21 , extracted from the 1 / f noise measurement technique.
As the mobility in the case of zero oxide or interface charge ͑ N tot =0 ͒ is determined from the intercept in Fig. 5 , we are now able to calculate the charges contribution to mobility degradation for the devices prior to negative bias stress. Prior to negative bias stress ͑V stress =0͒, we determined N tot ϳ 1.5 ϫ 10 12 / cm 2 and eff ϳ 193 cm 2 / V s. Hence, the initial charge density of N tot ϳ 1.5ϫ 10 12 / cm 2 results in only a 7% degradation from the extrapolated zero charge mobility ͑from N tot =0 = 208 cm 2 / V s͒. This relatively low level of degradation for N tot ϳ 1.5ϫ 10 12 / cm 2 is in agreement with previous theoretical modeling, 22 predicting 5%-10% degradation of the mobility for 1 -2 ϫ 10 12 / cm 2 fixed oxide charges.
To gain further understanding of the relative contributions of the charge and phonon scattering terms to the overall electron mobility, measurements were performed on the 3 nm HfO 2 devices from 10 to 350 K using the Y function method to determine the mobility. These measurements were performed for both the nonstressed device and for devices following NBTI stressing to varying levels of oxide charge and interface state density. The Y function method yields low field mobility from direct parameter extraction using I d ͑V g ͒ characteristics in strong inversion. 14, 15 The corresponding effective mobility at a given surface inversion charge density can be determined using the first and second order mobility attenuation factors, as shown in Eq. ͑3͒,
where o is the low field mobility, V g is the gate voltage, V t is the device threshold voltage, and 1 and 2 are the first and the second order mobility attenuation factors extracted from the Y function method. We extracted the effective mobility ͑ eff ͒ at a relatively high inversion charge density ͑Q inv = 8.8ϫ 10 12 cm −2 ͒. As explained before, we selected the high Q inv region since the mobility extracted from the Y-function is in excellent agreement with the split C-V method especially at high inversion charge ͑see Fig. 2͒ . The resulting temperature dependent electron mobility ͑at Q inv ϳ 8 ϫ 10 12 cm −2 ͒ is shown in Fig. 6 for four levels of total oxide charge from 1.54ϫ 10 12 to 8.08ϫ 10 12 cm −2 . We can observe a significant mobility degradation for a stress induced total charge density of N tot = 8.8ϫ 10 12 cm −2 . In order to establish the influence of these charges on the mobility as a function of temperature, we plot the data 1 / eff versus qN tot for each temperature. As shown on Fig. 7 , we found there is a change in gradient of the 1 / eff versus qN tot plot with the temperature, indicating the temperature dependence of the scattering parameter ␣. The relationship of ␣ with temperature, as derived from the gradients in Fig. 7 , is shown in Fig. 8 . Based on the experimental results in Figs. 6-8, we can rewrite Eq. ͑2͒ to include a temperature dependence of the Coulomb scattering parameter as follows:
From Fig. 8 the Coulomb scattering parameter increases with temperature with a nonlinear relationship. Over the temperature range of 50-250 K, ␣ is approximately proportional to the square of the measurement temperature, as shown in the inset of Fig. 8 . This behavior can be understood through a consideration of the temperature dependence of Coulomb scattering in the condition of an unscreened and a screened Coulomb potential. In the case of a relatively low inversion charge density, where screening of the high-k positive charge and interface charge by the inversion layer can be neglected, the Coulomb mobility, C , takes the form
‫ء‬ is the mobility effective mass, and N tot is the average density of surface-oxide charges. From Eq. ͑5͒, in this nonscreened condition, 1 / C is proportional to 1 / T. For a fresh device with N tot value of 1.5 ϫ 10 12 cm −2 ͑sample D͒, Eq. ͑5͒ yields mobility values in the range from 10 to 50 cm 2 / V s over the range from 50 to 300 K. The measured values over this range are from ϳ500 to 200 cm 2 / V s, so the mobility values predicated by Eq. ͑5͒ are not consistent with the absolute mobility values or temperature dependence measured experimentally.
For the devices analyzed in this work the mobility was extracted in the condition of high inversion charge ͑Q inv ϳ 8 ϫ 10 12 cm −2 ͒. For this condition of high inversion charge, where screening of the Coulomb potential is very significant, the scattering rate due to the charges can be described as follows:
where
2 n s is known as the Debye length for nondegenerate condition and g C ͑E͒ is the density of state. E is the carrier energy that increases with temperature. m is the momentum relaxation time. In this expression, 1 / m represents the scattering rate.
Based on Eq. ͑6͒ and the relationship = q m ͑p͒ / m ‫ء‬ , for the strongly screened condition, the temperature dependence of the reciprocal Coulomb mobility takes the form
͑7͒
From Eq. ͑7͒, it is evident that in the screened condition, 1 / C , is proportional to T 2 . From Eqs. ͑4͒ and ͑7͒, the empirical temperature dependent scattering parameter ␣͑T͒, can be identified as
͑8͒
The relationship of ␣ to T 2 as predicted in Eq. ͑8͒ is measured over the temperature range from 50 to 250 K. The experimental results in Fig. 8 suggest that at higher temperatures additional factors influence ␣͑T͒, leading to an attenuation of the change in ␣ with temperature.
To simplify the modeling of the electron mobility we make a linear approximation to the temperature dependence of the Coulomb scattering parameter as follows:
By adding Eq. ͑9͒ into Eq. ͑1͒, we arrive at the following relationship for the mobility as a function of temperature: 
For Ph-Si and SR value, we used the expressions reported in Refs. 4 and 13 as follows:
where ␤ is 2.0ϫ 10 5 mK/ s for electrons,
where ␥ is 4.5ϫ 10 19 m / s. We used this surface roughness model by assuming the high-k material has the same surface roughness as the SiO 2 system. The linear temperature dependence of the remote phonon scattering term ͓T͔ used in Eq. ͑11͒ has been found experimentally in a range of publications. [3] [4] [5] A justification for taking a linear dependence for ␣ and phonon in high-k with temperature in Eq. ͑9͒ is presented in Fig. 9 . By subtracting the mobility of MOSFETs with two different HfO 2 thicknesses ͑3 and 1.6 nm͒, only the Ph-Hk and C components remain,
The reciprocal additional mobility in Fig. 9 does exhibit an approximately linear increase with the temperature, providing experimental justification for taking a linear temperature dependence of the Coulomb and remote phonon scattering terms in Eq. ͑11͒. Based on Figs. 2 and 9, it is evident that there is an influence of oxide thickness on the electron mobility for these high-k MOSFETs, since the remaining mobility terms originate either from Si or the SiO x interlayer are similar for all samples.
As we characterized experimentally the Coulomb scattering contribution over temperature ͑50-350 K͒ and charge density ͑1-8ϫ 10 12 cm −2 ͒, the remote phonon scattering contribution from the high-k ͑ Ph-Hk ͒ can be extracted by subtracting the total mobility eff from the sum of the Coulomb, silicon phonon, and surface scattering terms. From the subtraction result, we found a linear dependence of Ph-Hk component with temperature. The parameters used to model the Coulomb scattering ͑m and c͒ and the remote phonon scattering ͑͒ contributions to the electron mobility over temperature, oxide charge, and HfO 2 film thickness are presented in Table II . Figure 10 shows the modeling result for the 3 nm HfO 2 device over temperature ͑50-350 K͒ for total oxide charge densities of 1.54ϫ 10 12 , 2.5ϫ 10 12 , 4.7ϫ 10 12 , and 8.08 ϫ 10 12 cm −2 . As we can see from the figure, the model provides an accurate description of the temperature and charge dependence of the mobility. Figure 11 shows the mobility contributions for the various scattering terms for a nondegraded 3 nm HfO 2 device ͑N tot = 1.54ϫ 10 12 cm −2 ͒. We can see ͓Figs. 11͑a͒ and 11͑b͔͒ that 1 / C contributes only ϳ10% to the total mobility 1 / eff at room temperature, in agreement with previous results in Fig. 5 and theoretical modeling in Ref. 22 . As a result of the reduction in phonon vibration by lowering the temperature, the 1 / C percentage contribution to 1 / eff increases and reaches a maximum of ϳ15% at 50 K as shown in Fig.  11͑b͒ . Due to the high surface electric field, the 1 / Ph-Si and 1 / SR terms are significant contributors to the mobility for the entire temperature range. Comparing 1 / Ph-Hk and 1 / C , we can see that 1 / Ph-Hk is still dominant at high temperatures. At room temperature, the 1 / Ph-Hk term contributes ϳ20% to 1 / eff . The 1 / C contribution is more significant below 100 K. Figure 12 presents the corresponding mobility contributions for the 3 nm HfO 2 device following NBTI, with a total oxide charge density of N tot = 8.08ϫ 10 12 cm −2 . We can observe that 1 / C is now the dominant contributor to 1 / eff over the entire temperature range following the NBTI.
Since we know the total oxide charge for all the nondegraded samples ͑see Table I͒ , we can now model the 1 / C contribution for different HfO 2 thickness values over temperature. The 1 / Ph-Si and 1 / SR are assumed to remain unaltered for these samples. Only the remote phonon scattering term from the high-k layer ͑1 / Ph-Hk ͒ and the charge contributions in high-k layer ͑1 / C ͒ will vary with decreasing HfO 2 thickness. The 1 / C contribution can be calculated from Eqs. ͑4͒ and ͑9͒ as the oxide charge and temperature dependence of ␣ are known. The value of for all of the HfO 2 thicknesses can be determined by subtracting the total mobility 1 / eff from the sum of the 1 / C , 1/ Ph-Hk , and 1 / Ph-Si components. The modeling result is shown in Fig.  13 for the HfO 2 MOSFETs prior to degradation.
To compare the role of HfO 2 thickness, we plot the mobility components for thinnest HfO 2 thickness of 1.6 nm ͑sample A͒ in Fig. 14. From Fig. 15 , we can see that by decreasing the HfO 2 thickness, the 1 / C contribution becomes negligible. In addition, from Table II the remote phonon scattering ͑͒ parameter and the Coulomb scattering ͑m and c͒ parameters both exhibit increased values with increasing HfO 2 film thickness.
IV. CONCLUSIONS
The influences of HfO 2 thickness, temperature, and oxide charge on electron mobility have been investigated for ALD HfO 2 / TiN gate n-MOSFETs for the condition of high inversion charge. We extended previous studies by using temperature bias stress to deliberately increase the density of interface states and fixed oxide charge, allowing the Coulomb scattering term as a function of temperature ͑50-350 K͒ to be determined for various oxide charge levels. The experimentally determined Coulomb scattering term was incorporated into a model for electron mobility including the effects oxide charge ͑ C ͒, high-k phonon ͑ Ph-Hk ͒, silicon phonon ͑ Ph-Si ͒, and surface roughness scattering ͑ SR ͒. The model provides an accurate description of the electron mobility for variations in HfO 2 thickness ͑1.6-3 nm͒, temperature ͑50-350 K͒, and oxide charge ͑ϳ1 ϫ 10 11 -8 ϫ 10 12 cm −2 ͒. For a 3 nm HfO 2 device, with a total charge density of ϳ2 ϫ 10 12 cm −2 at room temperature, we find relative contributions to the electron mobility of 10% ͑1 / C ͒, 20% ͑1 / Ph-Hk ͒, 46% ͑1 / Ph-Si ͒, and 24% ͑1 / SR ͒. By reducing the physical thickness of the HfO 2 to 1.6 nm, the 1 / C contribution becomes negligible, with relative contributions of 
